We have recently demonstrated that anionic liposomes efficiently introduce foreign DNA into postmitotic neurons and other cell types. To investigate the mechanism of liposome uptake, we followed the internalization of anionic liposome-encapsulated Cy3-labeled oligonucleotides (AL-Cy3ONs) by hippocampal neurons using confocal microscopy. Uptake of AL-Cy3ONs was widespread and time-and temperature- 
INTRODUCTION
Endocytosis in neurons has mainly been studied in the context of synaptic vesicle recycling (1) and the regulation of neurotransmitter receptor numbers in the post-synaptic membrane (2) . Constitutive endocytosis also occurs in neurons, albeit at a slower rate than in nonpolarized or mitotically active cells. Growth factors and hormones modulate the rate of constitutive endocytosis of neurotransmitter receptors as well as receptors involved in nutrient acquisition and metabolism. Neurotrophins such as NGF 1 and BDNF increase both the recruitment of clathrin to the plasma membrane and the rate of constitutive endocytosis of transferrin in hippocampal neurons (3) .
Little, however, is known about the mechanisms of internalization of exogenous macromolecules such as phospholipids and nucleic acids in neurons. Insight into the interactions between neurons and these molecules would further our understanding of lipid and DNA transport pathways and provide potential therapeutic advantages. We have recently designed and developed an anionic liposome vector (composed of the anionic phospholipid DOPG and the zwitterionic phospholipid DOPC) for oligonucleotide delivery to neurons. Antisense oligonucleotides (ONs) targeted to the p53 tumor suppressor mRNA, delivered to neurons via anionic liposomes, efficiently protected hippocampal neurons from excitotoxic death by sequence-specific down-regulation of p53 protein expression (4) . Preliminary studies indicated that the uptake of Cy3-labeled oligonucleotides (Cy3ONs) encapsulated in anionic liposomes was rapid and widespread.
The present study was undertaken to delineate the mechanism of liposome internalization in neurons. Cy3ONs were encapsulated in anionic liposomes and the by guest on http://www.jbc.org/ Downloaded from 6 Culture Collection. These cells were cultured on 8-chambered glass slides in DMEM containing penicillin and streptomycin with 10% Cosmic calf serum (HyClone) and incubated with AL-Cy3ONs for either 1 or 3 h at 37°C. At the end of the incubation periods, uninternalized ONs, liposomes or complexes were removed by several washes with L15 (Leibovitz's) medium and fixed in 4% paraformaldehyde.
The following agents were used to manipulate specific steps of the endocytic cycle: 0.45 M hyperosmolar sucrose (ICN biochemicals), 1 µM FK506 (Calbiochem), and 100 nM wortmannin, 5 µg/ml nocodazole, 10µg/ml cytochalasin D, 100 µg/ml heparin and 100 µg/ml protamine sulfate, (all from Sigma-Aldrich). The LRP inhibitor, receptor-associated protein (RAP), and the LRP blocking antibody R2629 were used at concentrations of 500 nM (7) and 100 µg/ml (6), respectively. Cells were treated with the drugs, RAP or R2629 for 10 minutes prior to incubation with AL-Cy3ONs for 30 minutes at 37°C, fixed and imaged.
Colocalization Experiments-Intracellular fates of endocytosed liposomes and
ONs were determined by comparing their intracellular distributions with that of Oregon Green488-Transferrin (OG-Tf) and Alexa488-dextran (Molecular Probes) used as markers for the recycling and lysosomal compartments, respectively. Neurons were incubated with AL-Cy3ONs and either 100 µg/ml OG-Tf, for 30 minutes, 1 or 3 h; or with 7 hippocampal neurons (3, 8, 9) . At the end of the incubation periods, cells were rinsed and fixed for imaging as described above.
Confocal Microscopy and Image Analysis-Imaging was performed on a Leica TCS 4D confocal microscope equipped with a mercury/xenon lamp and argon/krypton laser. Cells were excited using the 488 nm laser line to detect OG-Tf and Alexa488-Dextran and the emitted fluorescence was collected using a 515 long-pass filter. The 568 nm laser line was used to excite Cy3 and N-Rh-DOPE (LP590 emission). Cells were imaged at a plane midway between the substrate-attached plasma membrane and the top of the cell, such that neuronal nuclei were clearly identifiable. In some cases, the entire volume of the cell was scanned in 0.5 µm increments. For experiments with Alexa488-dextran, planes in which the Alexa488 label was most visible were chosen to enable identification of late endosomal/lysosomal structures. Optimal images were obtained by averaging 16 images in the line-scan mode at the same fixed gains for all experiments. For the colocalization experiments, the cell outlines for each set of fields were traced out manually in the corresponding brightfield image and then used to mask the fluorescence images (Metamorph, Universal Imaging). In each cell, the total fluorescence intensity was measured and the percent of Cy3 label or rhodamine label that colocalized with the Oregon Green488 or the Alexa488 labels was calculated. All the representative fluorescence images shown in the figures were equally contrast enhanced using Adobe Photoshop (Adobe). . To avoid this artefact, anionic liposomes labeled with N-Rh-DOPE were perfused onto the neurons at the rate of 1 ml/min for 10-15 min.
Protein binding to liposomes -Neurons were incubated with 100 µl liposomes in recording solution (as above) for 3 h with or without 500 nM RAP. The medium overlying the cells was first centrifuged at 320x g for 8 min to remove cell debris, followed by centrifugation at 100,000x g for 15 min at 25Û&LQD%HFNPDQ
Ultracentrifuge to recover the liposomes (11 
RESULTS

Neuronal Uptake of Anionic Liposomes Occurs by Clathrin-Mediated Endocytosis-
Incubation of hippocampal neurons with anionic liposomes containing 2 µM Cy3ONs for 30 minutes at 37°C resulted in the localization of the labeled oligonucleotides in vesicular cytoplasmic structures but not in the nucleus (Fig. 1a) . After a one-hour incubation, diffuse Cy3 fluorescence was observed in the nucleus (Fig. 1b) . The intensity of the diffuse nuclear label increased after three hours and portions of the cytoplasm often contained uniform Cy3 fluorescence, in addition to the punctate label ( Immunofluorescence staining with an antibody to LRP confirmed that this receptor was highly expressed in our hippocampal neuronal cultures (see Supplementary Material).
To determine if LRP was involved in the endocytosis of anionic liposomes, we blocked LRP using the receptor-associated protein (RAP) which is a potent inhibitor of all known ligand interactions of LRP (7). RAP binds with high affinity to the heavy chain of LRP on 
Endocytosis of AL-Cy3ONs Via LRP is Independent of HSPGs and Does Not Alter
Neuronal Calcium Currents-Several LRP ligands, including α 2 -macroglobulin (α 2 -M), apolipoprotein E (apoE) and HIV Tat protein bind heparan sulfate proteoglycans (HSPGs) on the cell surface prior to being internalized by LRP. Consequently, RAP
does not inhibit binding of HIV Tat to the plasma membrane but inhibits its internalization and subsequent degradation (18) . To study whether HSPGs were necessary for liposome endocytosis by LRP, we incubated neurons with AL-Cy3ONs along with 100 µg/ml each of heparin or protamine sulfate. Heparin is a specific inhibitor of HSPG and protamine competes with LRP ligands for HSPG binding sites (19) . Neither heparin ( Fig. 2 and 6a ) nor protamine (Fig. 2) and liposome-treated conditions (one-way ANOVA, p=0.5, Table I ). As a positive control, liposomes were incubated with poly-L-lysine (Lysine/lipid phosphate charge ratios of 0.6 and 2) and 100% of the added polylysine was detected in the liposome pellet (not shown). As the amine moiety on the choline headgroup of DOPC was found to interact with the CBQCA dye, standard curves with BSA were constructed in solutions containing liposomes and the samples were diluted to minimize lipid interference. We were able to detect 10 nanograms of exogenously added BSA (not shown) indicating that within the limits of sensitivity of this assay, no endogenous proteins from cultured neurons bound liposomes.
Recent studies on cortical neurons and hippocampal slices have suggested a role for LRP in synaptic neurotransmission (20, 21) . Addition of activated α 2 -M (α 2 -M*)
to cortical neurons caused a Ca 2+ influx that was both spatially and temporally discrete.
Only ligands that bind LRP at multiple sites were capable of eliciting this calcium response indicating that receptor dimerization was essential. To examine whether the endocytosis of anionic liposomes via LRP caused Ca 2+ influx into neurons, we studied neuronal calcium currents during a continuous perfusion of liposomes labeled with NRh-DOPE. Anionic liposomes did not evoke a calcium response (Fig. 6b ) although they were endocytosed as evidenced by rhodamine fluorescence in the neurons after liposomal perfusion (Fig. 6c) .
Intracellular Trafficking of Anionic Liposomes is Associated with the Cytoskeleton and
Requires PI 3-Kinase Activity-Microtubule-dependent movement is a predominant means of axonal and dendritic transport in neurons (22) . To determine if intracellular trafficking of AL-Cy3ONs requires an intact microtubule network, we used nocodazole to depolymerize microtubules in hippocampal neurons. When neurons were incubated with anionic liposomes in the presence of nocodazole, Cy3 label was found only at the edges of the cell and on the plasma membrane (Fig. 7b) .
Although an actin-based framework is required for the organization of clathrincoated pits at the cell surface, the role of actin in receptor-mediated endocytosis is still unclear (23, 24) . The involvement of the actin cytoskeleton in liposome endocytosis was studied using cytochalasin D to depolymerize actin filaments. In contrast to nocodazole-treated neurons, no Cy3 fluorescence was detected in neurons incubated Other studies have also documented a temporal correlation between exposure to wortmannin and drastic changes in organelle morphology (27) .
Cytoplasmic Cy3ONs Does Not Significantly Colocalize with Organelles Containing
Transferrin or Dextran-To determine the identity of vesicular structures containing the proportion of total Cy3 that colocalized with transferrin did not increase beyond 25%
even after three hours of incubation. Only 20% of the total cell-associated Cy3 was present in compartments containing dextran. The lack of significant colocalization between Cy3ONs and transferrin suggested that either Cy3ONs do not undergo recycling, or that recycling does occur, but with kinetics that are far slower than that of transferrin. As only 20% of Cy3ONs were present in lysosomal compartments after 3 hours, the bulk of the cargo delivered by the endocytosed anionic liposomes was available to the cell. (Fig. 3 ). An intact cytoskeleton and PI 3-Kinase activity were also required for anionic liposome endocytosis (Fig. 7) . Treatment with wortmannin greatly reduced Cy3 fluorescence in neurons, in agreement with reports that recruitment of LRP to the cell surface from endosomal storage pools was almost completely inhibited by wortmannin (31) .
Liposomal Lipids are Preferentially Sorted Into Recycling Compartments-
Colocalization experiments with endosomal/lysosomal markers indicated that
Cy3ONs were neither recycled nor rapidly degraded within neurons (Fig. 8a & b) .
Alternatively, ON recycling may occur with slower kinetics than that of transferrin, like GPI-anchored proteins that are recycled approximately three times more slowly than transferrin (32) . The length and fluidity of the acyl chains determined intracellular fate of liposomal phospholipids (Fig. 8c & d) . The dioleoyl lipids used in our study 
LRP-mediated endocytosis for macromolecule delivery to neurons-In marked contrast
to the rapid and widespread uptake of Cy3ONs delivered by anionic liposomes, neurons incubated with Cy3ONs either free or complexed with the cationic lipid DC-Chol/DOPE exhibited minimal intracellular Cy3 fluorescence ( Fig.2 and Supplementary Material).
LRP is a receptor that is concentrated in coated pits in the absence of any stimulus (34) and is constitutively endocytosed, irrespective of ligand binding. In CHO cells, ~60% of on the cell surface and present it to LRP for internalization (38) . In contrast, endocytosis of anionic liposomes was independent of HSPGs indicating that liposomes may interact directly with LRP (Fig. 6a) . The observation of uptake during liposome perfusion in protein-free solution and the analysis of liposomes harvested after incubation with neurons ( Fig. 6 and Table I ) suggested that proteins either present in or secreted into the medium did not bind or mediate liposome endocytosis via LRP. The spatially restricted calcium influx reported in primary neurons following multivalent ligand binding to LRP (20) was not observed in our experiments suggesting that liposomes did not induce LRP multimerization and liposome endocytosis by LRP was distinct from that of other LRP ligands (Fig. 6b & c) .
The widespread expression of LRP (39) should enable anionic liposomes to deliver nucleic acids and possibly, proteins, to a broad spectrum of cell types (4) and tissues. In light of recent evidence that stressful external stimuli increase the rate of endocytosis (40), the LRP-dependent pathway of anionic liposome uptake into neurons holds important implications for therapeutic approaches in a number of diseases. 
Physiological relevance of LRP-mediated phospholipid uptake in neurons-
